A process to recover nutrients from human urine was tested at the Institute of Environmental Engineering (ISA) of RWTH Aachen University. Before testing the recovery process the urine was stored and the decomposition processes during this period were observed. Throughout the storage the pH value and the concentration of ammonia nitrogen increased, the concentration of phosphate phosphorus decreased. These variances can be speed up by addition of urease. The recovery process is easy to handle and approx. 99% of the load of phosphate phosphorus was eliminated and transferred into the product. Analysing the product indicators for struvite could be identified. The final step of the process is the stripping of the remaining ammonia-nitrogen by air followed by a gas washing.
Introduction
At the Institute of Environmental Engineering (ISA) of RWTH Aachen University several research and development projects concerning the field of phosphate recovery have been carried out. In the context of these projects the decomposition processes during the storage of human urine were observed and a process to recover phosphorus from urine was tested. Precondition for this process is the use of no-mix-toilets separating urine and faeces. These toilets have been integrated in some new settlements in Germany provided with ecological sanitary systems. The recovery process is based on struvite crystallization.
Description of the process and results

Storage tests
Using no-mix-toilets there are two effluents: urine and faeces. Regarding the nutrients the following allocation (table 1) was noticed: The concentrations of phosphorus and nitrogen in human urine are dependent on the eating habits. Due to this the urine of a European is not always comparable to e.g. the urine of an Asian.
For the experiments described below the human urine was collected and stored in tanks with a volume of approx. 1000 litres. After collecting the urine showed a pH value of 6.5, the concentration of ammonia nitrogen was 190 mg NH4-N/L and that of phosphate phosphorus was 164 mg PO4-P/L. During the storage these three parameters altered because of decomposition processes. The pH value and the concentration of ammonia nitrogen increased. But the concentration of phosphate phosphorus decreased a little. Literature describes that the addition of urease assists to speed up these changes. In Figure 1 and in figure 2 those three mentioned parameters are presented, which were analysed in the human urine over a period of eight months. After the addition of urease the pH value increases from 6.5 up to 8.8 within 10 days of storage. Without the aid of urease the urine shows a final pH value of 9.2. To achieve this value it takes approx. 40 days. At the beginning of the analysis period the concentration of phosphate phosphorus was 164 mg PO4-P/L. The concentration decreases to approx. 110 mg PO4-P/L because of the increasing pH value and the succeeding processes of precipitation. After this decrease the concentration was nearly constant. Without the aid of urease it takes approx. 30 days to achieve this level, with the aid of urease it takes only ten days.
Because of decomposition processes the concentration of ammonia nitrogen increases from 190 mg NH4-N/L to approx. 3500 mg NH4-N/L towards the end of storage. This concentration is the final one, there are no variances after achieving. Also the same temporal phenomenon can be identified. To achieve this constant concentration of ammonia nitrogen it takes 40 days without the aid of urease and only 25 days with the aid of urease.
The addition of urease only speeds up the variances of the three observed parameters. The total values of pH and of the nutrient concentrations are not dependent on this.
Phosphorus recovery
The phosphorus recovery process from human urine is being tested in pilot-scale experiments. The pilot plant is made up of a collecting tank, a pump and a bag filter housings (figure 3).
Phosphorus recovery from human urine
Figure 1:
Bag filter housings (Contec GmbH, Germany)
The collecting tank has a volume of 200 litres. The bag filter housings is made of stainless steel and can operate with a pressure up to 800 kPA and a flow rate up to 35 m3/h. The filtration surface is 0.5 m2. The bag filter is made of nylon texture with a pore size of 50 µm.
Being stored for eight months the human urine shows a pH value of approx. 9. This pH value supports the recovery process because the recovery of phosphorus by struvite crystallization works ideal at pH values between 9.0 and 9.5. The chemical reaction of the struvite crystallization is:
The concentration of ammonia nitrogen found in the eight month old urine was approx. 4700 mg NH4-N/L and that of phosphate phosphorus approx. 400 mg PO4-P/L. To accomplish the chemical reaction magnesium is added as a precipitant in the form of magnesium oxide powder.
For each experiment the collecting tank was filled with 180 litres of human urine. The urine was circulated through the bag filter housings using a rotary pump. The special feature of the process is that magnesium oxide is added directly in the bag filter. The mass of the added magnesium oxide is dependent on the PO4-P concentration in the urine. A molar ratio of Mg / P = 2 / 1 has been used.
In Figure 4 the result of one representative experiment is exemplified. Within 15 minutes the PO4-P concentration in the urine decreased from 400 mg PO4-P/L to 149 mg PO4-P/L. This complies with an elimination rate of approx. 60 %. After 90 minutes the remaining concentration was 6.7 mg PO4-P/L and after 150 minutes only 2.9 mg PO4-P/L. In total 99% of the PO4-P load was eliminated from the urine. Over the period of 150 minutes the NH4-N concentration decreased from 4700 mg NH4-N/L to approx. 4100 mg NH4-N/L. This complies with an elimination rate of 12 %.
Regarding the eliminated masses of PO4-P and NH4-N the molar ratio of Mg / P / N = 1 / 0.45 / 1.43 can be identified.
In figure 5 the used bag filter with the recovered product is presented. The colour of the product is not the typical colour of struvite. To obtain a lighter colour the product can be washed with distilled water. The ideal colour of struvite is white. Top view into the bag filter with recovered product
After washing the product a microscopic picture was made. The struvite crystal has two main forms. One of the forms resembles a coffin lid and the other form is shaped like the letter "X". Typical struvite crystals -the "x"-form -can be identified in figure 6 , which is an indicator, that the process recovers phosphorus based on struvite crystallization.
Stripping of ammonia-nitrogen
The final step of the process is the stripping of the remaining ammonia-nitrogen by air followed by a gas washing. At present experiments on this stripping process are carried out.
The stripping process will be tested in pilot-scale experiments. The pilot plant is made up of a stripping tank and a gas washer.
After the phosphorus recovery process the urine will be discharged into the stripping tank and there it will be heated up to approx. 60°C. Achieving this temperature the urine will be stirred up by a paddle device. Simultaneously air will be injected into the tank. Because of these conditions the ammonia-nitrogen of the human urine will react and pass over into the gas phase as ammonia gas.
The ammonia enriched air will be discharged into the gas washer, which is an acid gas washer. The gas washing tank is filled with high concentrated sulphuric acid (approx. pH of 1). The sulphuric acid reacts with the ammonia enriched air. The product of this reaction is ammonium sulphate. The capacity of the gas washer will be measured by the pH value, because the described reaction leads to an increase of the pH value. Achieving a pH value of approx. 6 the sulphuric acid has to be replaced.
Conclusions
Advantages of the phosphorus recovery process are that the process is easy to handle and that it has only marginal consumption of additives. The most important additive is the magnesium oxide powder. The bag filter can be cleaned and thus it can be used several times.
Producing struvite has two main advantages: 1. struvite can directly be used as a fertiliser and 2. the crystallization of struvite avoids widely the integration of harmful substances.
The product of the stripping process -ammonium sulphate -is also valuable, because it is a raw material of the fertilizer industry.
